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Aluminum powder has been commonly used as the energetic material in solid propellants
due to its high energy density. However, in actual combustion scenarios, not all aluminum
powder is able to completely burn before reaching the nozzle, owing to the complicated physics
of aluminum combustion. Due to this complexity, many studies have relied on analytic
solutions instead of directly solving the Navier-Stokes equations. These earlier studies exhibit
limitations, such as the inability to explain mass and heat transfer occurring at the interface
or simulate 3-D fluid dynamics. In this study, the Volume of Fluid (VOF) method was
employed to conduct direct numerical simulations of aluminum droplet evaporation.
Subsequently, the developed model was compared and assessed against the evaporation model
provided by the Lagrangian solver.

I. Introduction

Solid rockets are often used as the boosters that help give spacecrafts the thrust needed to overcome Earths
gravitational pull. The high material density of the propellant allows these rockets to produce high energy per unit
mass [1]. The propellant is often made of aluminum powder (Al) which is the fuel, ammonium perchlorate (AP) the
oxidizer, and hydroxyl-terminated polybutadiene (HTPB) the binder that holds the fuel and oxidizer together.
Aluminum is used as the fuel because it releases large amounts of energy during its oxidation process to Al,O3 and
enhances the heat of combustion, propellant density, and combustion temperature in solid rockets motor (SRM) [1].
However, in actual combustion scenarios within SRMs, not all aluminum is able to completely burn before reaching
the nozzle, owing to the complicated physics of aluminum combustion [2, 3]. This reality has spurred numerous
researchers to investigate aluminum combustion, with a particular emphasis on the burning time of aluminum particles
[2]. Such studies aim to elucidate the underlying mechanisms governing aluminum combustion and to enhance
predictive models for the burning time of aluminum particles both within the SRM environment and for individual
particles. Especially, the detailed modeling of individual particle combustion has attracted the attention for its ability
to address the challenges associated with aluminum combustion.

However, these studies have predominantly employed analytical solutions based on the D? law to numerically
solve the combustion of an aluminum droplet, mainly focusing on physico-chemical phenomena [3, 4]. Consequently,
the attention to the combustion of an aluminum droplet has been paid mainly on the reaction mechanism between
gaseous aluminum and the various oxidants [5]. Despite these advancements, the mass and heat transfer processes
taking place at the aluminum interface during phase transition remain inadequately described. Particularly, to unravel
the detailed surface chemistry in the future contributing to increased burning times—a key factor in the combustion
process— it is essential to undertake direct numerical simulations of droplet undergoing phase transitions.

The desire to understand the droplet behavior during phase transitions can be realized through the application of
the Volume of Fluid (VOF) method. This approach enables the scientist to detect any changes of topology and localize
the position of interface [6]. Moreover, the VOF method offers valuable insights into the complex 3-D fluid dynamics
and thermal transport processes that occur during the evaporation [7].
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Most VOF studies on droplet evaporation have primarily focused on the water and, to lesser extent, other liquid
droplet [8—18]. This study’s application of the VOF method to an aluminum droplet introduces new possibilities for
understanding the evaporation physics of solid propellants.

In this work, we employed the VOF method to conduct direct numerical simulations of aluminum droplet
evaporation. This model was compared and assessed against the evaporation model provided by the Lagrangian solver,
a well-established analytic solution. In our approach, the Lagrangian solver was integrated with the Eulerian approach
to solve the gas phase, enabling the numerical simulation of aluminum droplets within SRM. To develop the VOF-
based evaporation model, specific source terms were defined to represent the mass and heat transfer processes
occurring during the phase transition of aluminum.

II. Methodology: Droplet Evaporation

A. Governing Equations
The VOF method defines the fractional volume of each phase in every cell. This fractional volume is used to
distinguish between the different phases and identifying the cells at the interface. The methodology for this
differentiation is as follows:
fi =0, gasphasecells
filx,t) =50 < f; < 1,interfacial cells (1
fi =1, liquid phase cells
where the volume fluid of liquid, f; is used to represent the phases and interface. Meanwhile, f, represents the volume
fluid of gas.
The variations of phases are tracked through solving advection equations for f; and f;. These immiscible
advections equations are given as
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Here S,yqp is defined by the mass transfer occurring due to evaporation at the interface. This term functions as either
a sink or source term for each phase. It represents the mass traversing the interface from one phase to another and
operates solely at the interfacial cells. The source term of the advection equation is defined by

Sevap = mgvap Xa (3)

where a is the interfacial area density. The evaporation flux, mgy,y, is obtained through Fick’s law and the Stefan
flow, which yields [16, 19]
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Here, Y, is the mass fraction of aluminum droplet and Yy, ¢4, the saturated value at the reference pressure. The gaseous

diffusion coefficient, Dy, is computed through a dilute approximation provided as follow [20]
1_XAl,g
Dy =s—"—— (5)
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where X; is the gaseous mole fraction of i species. The main driving force of evaporation is the mass fraction
gradient at the interface, (9Yy;/0X)gyrs. The mass fraction of interfacial cells is assumed to be the saturated value due
to the equilibrium state of evaporation. The mass fraction gradient is given by:

Y 41 _ 2
( ox )surf B (VY)Surf " (6)
where 7 is the normal vector to the interface pointing outward from the liquid into the gas as follows
> vfy
o7 @

In this work, Y,; is coupled with the temperature to account for the effects of evaporative cooling. Consequently,
a temperature drop around the droplet can lead to a decrease in Yy;. The Clausius-Clapeyron equation is utilized to
depict the variation of aluminum mass fraction due to the change of the temperature [21]:
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with MW molecular weight, L the latent heat of vaporization and subscript OX oxidant. The species and momentum
equation are given by
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Note that the species source term of aluminum by the evaporation was not defined in this study. The density and
viscosity of (9) and (10) are the mixture density based on the volume averaged value,

pm = pufi + pg(1 = f1)

ton = tufy + g (1 = f1)- (11)
The energy equation is written as the enthalpy form:
3(pPmCpmTm
% + V- (pmCpmTm) = V- (AVT,) — L X Sepap (12)

where the viscous dissipation term is neglected. It is important to note that the energy equation incorporates a source
term, L X S,,qp, to represent the thermal balance at the interface. This interfacial thermal balance is expressed by the
enthalpy difference between each phase. In the evaporation case, this variation equates to the latent heat of
vaporization per unit volume and thus, the source term appears with the latent heat of vaporization, L. The mixture
specific heat and mixture temperature in (12) are computed by the mass averaged value,

C — f1P1Cp1+fgPgCp,g
pm fipi+fgprg
f1piT1+fgpgTy
= fiili Ty, (13)
fip1+fgpg

B. Numerical Setup

The governing equations were solved through the segregated solve with the implicit unsteady. The interface is
reconstructed based on the High-Resolution Interface Capturing (HRIC) scheme. The equivalent diameter of droplet
change is calculated by the following formula:

dp = 3’ZVCell X % XS (14)

The computational domain was described by two dimensional axisymmetric and the meshing for the flow field
and the droplet is shown in Figure 1. The domain has 1 mm of width and 0.5 mm of height. The temperature and
pressure of the gas domain were set to the boiling temperature of aluminum droplet, that is 2790 K and 1 bar,
respectively. The diameter of the droplet is consistent with the diameter of the aluminum droplet as specified in the
Eulerian-Lagrangian approach.

Fig. 12D axisymmetric flow field around the droplet with mesh grids.
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III. Methodology: Solid Rocket Motor

A. Eulerian Phase

The continuum part of the solid rocket motor was described by the Eulerian approach and the governing equations
were solved through the Reynolds-averaged Navier-Stokes (RANS) turbulence model. The k-w SST model was
employed for the turbulence modeling. Additionally, the chemical reactions of evaporated aluminum were
incorporated into the model. Consequently, gaseous aluminum was considered to dissipate post-evaporation. The
specific chemical reactions accounted for in this study are shown in Table 1.

Table 1 Input chemical reactions.

Chemical reactions
AlO + 0, - AlO, + 0
AlO+C0, - AlO +CO
Al+ H,0 - AlO+ H,
0+0+M=0,+M
O+N,>NO+N

B. Lagrangian Model

The aluminum droplets were treated as non-continuum and their motions were computed through the Lagrangian
Solver. Newton’s law of motion was employed to describe the forces acting on the droplets and the properties of the
discrete phase were updated along the parcel streamline. Since the main interest of the Lagrangian solver is to compute
the evaporation time of aluminum droplet, we focus on the evaporation rate of the Lagrangian solver.

Aluminum evaporation is supposed to follow a classical D? law and the quasi-steady evaporation model [3, 22].
This model conceptualizes droplet evaporation as being governed by heat transfer limitation, which is outlined as
follows:

m, = —g*A;In(1+ B) (15)
where g* is the mass transfer conductance, A, the particle surface area, B the Spalding transfer number. The Spalding
transfer number is given by

B = CP(TL_TP) (16)
and the mass transfer conductance
x _ kNup
= o0y (17)
where Nusselt number is calculated through the Ranz-Marshall correlation,
Nu, = 2(1 + 0.3Re}/*Pr'/3). (18)

Note that the subscript p represents the particle.

C. Geometry and Boundary Conditions
The geometry of the nozzle was generated by inserting and tracing nozzle provided by Ramsey et al., on
SolidWorks using the sketch picture tool [23]. The nozzle was then imported into StarCCM+ where a mesh was
created as seen in Figure 2. The aluminum droplets are injected into the chamber through the part injector. The detailed
boundary conditions for the chamber and injector are shown in Table 2.
Pressure outlets: extrapolated backflow

Axis

Fig. 2 Mesh and boundary conditions.



Downloaded by Jeffrey Kauffman on May 16, 2025 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1817

Table 2 Summary of boundary conditions of chamber and injector.

Properties Value
Chamber temperature 2800 K
Chamber pressure 1.5 bar
Mach number 0.052
Particle flow rate (Injector) 5.0/s
Particle temperature 2790 K
Particle velocity 1.0 m/s

IV. Results and Discussion

In this section, the evaporation of aluminum droplet is numerically simulated using the two distinct methodologies:
that is the Lagrangian solver and the VOF approach. The evaporation time of the aluminum droplet is evaluated using
both methods. Furthermore, the evaporation model of aluminum droplet using the VOF method is assessed by
comparing the evaporation times obtained from the Lagrangian solver and by estimating its capability in phase
tracking.

A. Lagrangian Approach

The numerical modeling of the SRM incorporating aluminum particles was conducted. Figures 3 and 4 illustrate
the outcomes obtained through the Eulerian-Lagrangian approach for the SRM with aluminum particles. As expected,
the contour of temperature and pressure showed the decreasing behavior from the nozzle’s throat. However, an
atypical rise in pressure and temperature was observed in the mid-region of the diverging section, varying from the
conventional relationship between the converging-diverging nozzle and the fluids properties. The Mach number and
velocity exhibited an inverse relationship to the temperature and pressure, as shown in Figure 4.

The unusual trend in fluid’s properties occurring at the nozzle might stem from the negative pressure values at the
observed in nozzle, coupled with the significantly low pressure in the chamber. For the purpose of this study, however,
the pressure was set to 1.5 bar to facilitate a comparison of evaporation times using the VOF model. It’s important to
note that the current VOF model does not accommodate the actual high combustion pressure. As a result, while the
observed trends in combustion gas properties from the nozzle’s throat deviate from previous studies, the SRM
combustion model used here is still effective for calculating fluid properties inside the chamber and the evaporation
time of aluminum droplets. Therefore, the decision was made to use only the results from within the chamber,
excluding the nozzle portion, for comparing evaporation times.

In contrast, our previous study demonstrated the validity of the Eulerian-Lagrangian approach in modeling SRM
with aluminum particles when a high-pressure inlet is applied. Consequently, this model will serve as a benchmark
for evaporation time and will provide varying boundary conditions of aluminum droplet—such as those in the
chamber, converging section, and diverging section—to assess the evaporation time in the VOF-based model.

Static Pressure (bar)
-0.857 0.336 1.53

300 1.55e+03 2.81e+03
Temperature (K)

Fig. 3 Pressure and temperature contour of SRM.
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Mach Number
0.00298 1.12 2.24

1.05 970 1.94e+03
Velocity: Magnitude (m/s)

Fig. 4 Mach number and velocity contour of SRM.

As previously discussed, the parcels of particular interest in this study are those that flow within the chamber,
exhibiting boiling temperature of aluminum at 1.5 bar. Figure 5 highlights the selection of a specific parcel, which
traverses the chamber within the solution time, from the overall parcel streamline. For in-depth analysis, parcel with
indices 48 and 203 were specifically chosen.

Track: Parcel Index
1 5.34e+03 1.07e+04

48 126 203
Track: Parcel Index

Fig. 5 Comprehensive overview of parcel streamlines (upper) and individual parcel (lower).

Figure 6 shows the time-dependent changes in the diameter of an aluminum droplet associated with an individual
parcel. The evaporation rate is notably slow as depicted in Figure 6. Specifically, for parcel 48, the diameter exhibits
a reduction of 0.0137 pm for 5 ms. These temporal diameter variations will be used for comparing the evaporation
rate obtained from the VOF-based model.
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Fig. 6 Temporal variation in the diameter of an aluminum droplet in an individual parcel.

B. VOF Method

In this section, the evaporation model of a single aluminum droplet based on the VOF method is described. Given
the same velocity of the injected droplets and gaseous velocity within the chamber of SRM, the gas domain in the
VOF model was considered non-convective system. Two droplets were modeled, each possessing the same diameter
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as an individual parcel modeled in the Lagrangian approach, to facilitate a comparative analysis of evaporation times
across two reference frames.

Figure 7 displays the time-dependent changes of the parcel 48 and 203, as modeled using the VOF approach. It is
observed that the droplet with a larger diameter exhibits a longer evaporation time aligning with expectations.
However, it is notable that the evaporation time calculated the VOF method is significantly shorter than that derived
from the Lagrangian approach.
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Fig. 7 Diameter changes of a single aluminum droplet as a function of time based on the VOF method.

This substantial discrepancy may arise from issues related to mass conservation in the application of the VOF
method in this study. Figure 8 indicates that the total aluminum mass variation of parcel 48 within the entire
computational domain is not conserved throughout the evaporation process.

47><10711

0.8

0.6 1

Total Al mass (kg)

0 0.5 1 1.5 2 25 3
Time (s) 10°

Fig. 8 Total aluminum mass within the computational domain during the evaporation process.

Although there is a notable discrepancy in the evaporation time modeled through the VOF method compared to
the Lagrangian approach, the VOF method successfully captures the droplet’s shape change and the temperature
variations resulting from evaporative cooling, as achieved through the implementation of source terms. Figure 9
visually shows these shape changes in the droplet, along with the temperature variations surrounding it and the
aluminum fraction changes due to the temperature reduction. This implies coupling the aluminum mass fraction with
the temperature was successfully imported into the model. Meanwhile, it is observed that the local temperature
decreases to 2710 K, followed by a subsequent increase attributed to the heat conduction from the surrounding gases
at a higher temperature.

This research defines the source terms of governing equations of the VOF approach to track the interface change
and temperature variations due to phase transition. Many studies on the droplet evaporation using the VOF method
have employed Fick’s law as their source term of the advection equation as described in the preceding section of this
research [7-9, 24, 25]. However, our findings suggest that the mere application of Fick’s law does not ensure the mass
conservation across the entire computational domain. This implies the necessity for additional research on the VOF-
simulated droplet evaporation.
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Fig. 9 Time-dependent changes of the droplet shape (left) and
temperature and aluminum mass fraction (right)

V. Conclusion

The numerical simulation of aluminum droplet evaporation within the SRM was accomplished using two distinct
methods. The Eulerian-Lagrangian approach was employed to capture the behavior of the aluminum droplet within
the SRM, with the Lagrangian solver predicting its trajectory and the gas domain being characterized using the RANS
turbulence model. The droplet evaporation was governed by heat transfer limited evaporation model based on the
quasi-steady state. The aluminum droplets were injected into the combustion chamber with the injector velocity 1.0m/s
and droplet temperature 2790 K. Two individual parcels from all parcels were selected to specifically investigate the
evaporation time of the aluminum droplet. The observed evaporation rate showed the reduction of 0.0137 um in the
diameter of the parcel 48 during 5 ms.

In the VOF method, the source terms for the advection equation and the energy equation were defined to model
the evaporation of a single aluminum droplet. The advection source terms were derived from Fick’s law, while the
energy source term was defined based on the enthalpy difference between each phase. Notably, the evaporation time
from the VOF method indicated a more rapid evaporation time of aluminum droplet as compared to results from the
Lagrangian solver, highlighting a significant variance. Concurrently, it was observed that the total aluminum mass of
the droplet within the computational domain was not conserved. The discrepancy of the evaporation time may arise
from this mass conservation issue. Despite this, the VOF model of this study proficiently represented the
morphological evolution of the droplet and the decrease in both temperature and aluminum mass fraction resulting
from evaporative cooling. These dynamics were effectively delineated through the implementation of the source terms.

Along with the discrepancies in evaporation time between the two reference frames and the mass conservation
issue of the VOF method, the omission of certain source terms indicates the need for further research on aluminum
droplet evaporation to accurately track the phase changes. For example, defining a species source term of the fuel
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droplet could significantly influence not only the species equation, but also other governing equations. This is due to
the fact that the production of gaseous aluminum would alter the volume fraction adjacent the interface, leading to the
inaccuracies in modeling. These inaccuracies stem from shifts in fluids material properties that involve the volume
fraction, e.g., properties of mass-averaged and volume-averaged. Therefore, detailed research on the droplet
evaporation of aluminum using the VOF method is imperative.
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